The temporal and spatial controllability of charge distribution in submicron structures opens new avenues for potential applications and for the understanding of nonequilibrium processes. Here we suggest a novel way to trigger and control within picoseconds charge currents and magnetic moments in nanoscopic and mesoscopic ring structures by applying two shaped, time-delayed light pulses. Our quantum dynamic calculations show that the magnitude and direction of the induced currents are tunable by varying the time delay and strengths of the pulses. Furthermore, in an array of rings desirable magnetic orders are generated depending on the ring sizes and particle number. DOI: 10.1103/PhysRevLett.94.166801 PACS numbers: 73.23.2b, 42.65.Re, 73.21.2b, 78.67.2n The interest of chemists and physicists in ringlike molecular and condensed matter systems dates back to the work of Kekulé's on the benzene molecular structure [1] . Since then, intriguing phenomena and potential applications have been unravelled [2] , particularly when the size of these systems shrinks below the phase coherence length of their quantum states. In this case their low-temperature behavior becomes dominated by quantum interference effects. For example, when a ring structure is pierced by a magnetic flux the ground state degeneracy with respect to clockwise and anticlockwise circular states is lifted; i.e., the state turns chiral, and a persistent charge current occurs [3, 4] . Experiments [5] [6] [7] confirmed this effect. For ballistic structures [7] , the emergence and the order of magnitude of the current derive from a consideration based on independent fermions confined in a one-dimensional ring of radius 0 pierced by [8] . The single-particle stationary energies are
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Here L 2 0 and m is the particle effective mass. m 0 0; 1; 2; . . . is the angular quantum number associated with the system's cylindrical symmetry around the ring normal. 0 hc=e is the flux quantum. The current follows from the flux dependence of the free energy and is typically on the order of few nanoamperes for micron-size ballistic rings in agreement with experiments [7] . To induce a ring chirality (i.e., to achieve E ÿm 0 Þ E m 0 ) and hence a net current, has to be comparable to 0 . When 0 (linearly) shrinks, the required magnetic field grows as 2 0 ; e.g., currents in a benzene-size ring cannot be generated with today's laboratory magnetic fields [9] . In addition, a temporal (picosecond) control of the current is not feasible due to the adiabatic switching of magnetic fields on the time scale of the current buildup. We therefore propose in this work a new way that utilizes light pulses to trigger chiral coherent states and hence dynamic currents in ring structures. As shown below, this method offers a possibility to control the magnitude and the time evolution of the induced current. The work is motivated by recent advances in the controlled fabrication of mesoscopic and nanoscopic ring structures [10 -12] and the impressive progress in generating and sculpturing precisely properties of light beams such as the fine-tuning of the amplitude, shape, and phase of electromagnetic pulses [13] [14] [15] [16] [17] [18] [19] [20] .
This work provides the first theoretical evidence that in the absence of magnetic fields, large charge currents and magnetization are generated and tunable within picoseconds in high purity GaAs-AlGaAs-based rings [7] upon applying two time-delayed, picosecond shaped electromagnetic pulses. Ordered magnetic states in ring arrays are controllably induced and modified. The employed pulses and ring structures are available experimentally.
The system under study is illustrated by Fig. 1 : we consider the closed, isolated ballistic GaAs-AlGaAsbased ring with a width d and radius 0 that confines N independent charge carriers. Here d is in the range of 100 nm, whereas 0 is on the micrometer scale, i.e., d
0 . These rings are currently realizable [5, 7] . Applying at t t 1 a time-asymmetric, linearly polarized electromagnetic pulse with an amplitude F 1 t creates a nonequilibrium charge unbalance in the ring but does not destroy the clockwise-anticlockwise symmetry of the charge density. Hence, a charge polarization buildup occurs [21] , but no net current flows. We note that the pulse asymmetry is vital for the polarization buildup. Time-symmetric (continuous wave) pulses do not generate a postpulse ring polarization [21] . The initial (field-free) energy levels E l 0 ;m 0 are classified according to m 0 and l 0 where l 0 1; 2; 3; . . . characterize the radial motion in the ring [21, 22] . Since F 1 is linearly polarized, the initial energy degeneracy with respect to m 0 is preserved, i.e., E l 0 ;m 0 t E l 0 ;ÿm 0 t for all times [21] . A break of this symmetry is a prerequisite to trigger a net charge current. As outlined above, this symmetry break and hence the current are usually brought about by applying a (dc or ac) magnetic field with a static component [4] [5] [6] [7] [23] [24] [25] ; we stress that the current diminishes when the static component vanishes. To generate currents in the absence of magnetic fields we illuminate the (polarized) ring by a second time-asymmetric pulse F 2 t, as depicted in Fig. 1 . Qualitatively speaking, the second pulse F 2 t, acting at the time t 2 after the first pulse F 1 , kicks the charge density accumulated by F 1 to result in a chiral coherent state [i.e., E l 0 ;m 0 t 2 Þ E l 0 ;ÿm 0 t 2 ] and a net time-dependent current It > t 2 .
For thin ballistic rings in equilibrium, the independent carriers picture is appropriate for describing the system [2, 7, 26] . We consider weak pulses such that the system is not driven far from the equilibrium and, therefore, the noninteracting model is still appropriate [21] . In a more general case the interaction among the carriers could be included in a mean field approximation [27] . Thus, to predict the ring response to the applied pulses we study the single-particle, time-dependent wave functions l 0 ;m 0 ; ; t. Here the parametric dependence on l 0 ; m 0 signifies the initial condition that for t < t 1 the particle occupies the stationary state labeled by l 0 ; m 0 . () specifies the particle angular (radial) position with respect to the x axis in Fig. 1 . To obtain l 0 ;m 0 ; ; t we solve for the nonrelativistic, time-dependent Schrödinger equation in the presence of the pulses and the confining potential V c . V c vanishes inside the ring and is infinitely large otherwise. In all cases shown below we employ two sinesquare unipolar pulses each having a duration of 1 ps. The first (second) pulse is linearly polarized along the x (y) axis (cf. Fig. 1 ). We investigate then the current dependencies on the time delay and the values of the electric field amplitudes F 1 and F 2 , as well as on the number N of particles and 0 , where N 2 400; 1800, 0 2 800 nm; 1400 nm, d 160 nm, and m 0:067m e (m e is the electron mass).
To inspect how strongly the system is disturbed, we trace the time evolution of the energy E l 0 ;m 0 t of a particle that developed from the stationary states l 0 ; m 0 . This is achieved by computing the matrix elements c) we deduce that the action of the first pulse results in a small shift of the energy levels while preserving the initial energy degeneracy with respect to m 0 , meaning that the clockwise and anticlockwise circulating particle waves are energetically equivalent. This degeneracy is lifted upon applying the second pulse [cf. Fig. 2(d) ] rendering thus a total current circulating in the ring. The total current generated in the ring is calculated as the weighted sum over all contributions of the partial currents I l 0 ;m 0 generated by the individual particles initially residing in the state specified by l 0 ; m 0 , i.e., It P l 0 ;m 0 ; fl 0 ; m 0 ; ; N; T; tI l 0 ;m 0 t. Here stands for the spin of the particles and T is the temperature. f is the nonequilibrium distribution function of the charge carriers which we obtain from the Boltzmann equation using the relaxation time approximation [28] (in the examples shown here an averaged relaxation time of 25 ps is assumed). Since the rings are isolated and the fields are weak, the number of particles N is constant. The current carried by a particle initially occupying the stationary state l 0 ; m 0 is I l 0 ;m 0 t R 0 d=2 0 ÿd=2 R 2 0 j l 0 ;m 0 ; ; tdd where j l 0 ;m 0 ; ; t is the current density associated with the wave function l 0 ;m 0 ; ; t that we determined by solving the corresponding Schrödinger equation.
Upon the two-pulse irradiation a current is generated, which in turn induces a time-dependent field-free magnetization Mt. For rings with d 0 this dynamic magnetization is Mt 2 0 It. The magnetic flux generated at the axis of the ring by the initiated current is t 2 0 It and is the magnetic susceptibility of the 
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166801-2 surrounding material. Figure 3 shows pulses-induced ring magnetization as a function of the delay time and as a function of the field amplitude strength F 1 of the first pulse (F 2 30 V=cm). The generated net current I is inferred from Fig. 3 by noting that for the present ring a magnetization of 1 eV=T corresponds to a current of 8.9 nA. Thus, even for the weak pulses considered in Fig. 3 , the induced peak magnetization is an order of magnitude larger than the conventional magnetization (typically 0:45 eV=T) which is measured in ballistic mesoscopic rings threaded by a magnetic flux [7] (measured persistent current is 4 nA). The direction of the induced magnetization depends on the polarity of the first pulse (cf. Fig. 3 ). Positive and negative values of F 1 correspond to polarizations in the x and ÿx directions, respectively. Thus, a magnetization reversal is brought about by inverting the polarity of the first pulse; pulses with an alternating polarity are feasible experimentally [16, 18] . The peak magnetization magnitude strongly depends on the time lag between the pulses, a parameter that is well under control on a (sub)picosecond scale [16, 18] . Hence, a desirable magnetic state of the ring could be realized experimentally with a high accuracy by tuning and choosing the appropriate pulse's polarity. The induced current and magnetization shown in Fig. 3 are nonequilibrium phenomena. The relaxation behavior to the (stationary) ground state is shown by the insets of Fig. 3 for two peak values of the induced magnetization. Once the current is triggered, it lasts for almost 100 ps. Recalling that the pulses last only for 1 ps, we conclude that the induced current (and the magnetization) occur in an environment free of external fields. In addition, the buildup of the magnetization takes only a few picoseconds; i.e., phonons created on a longer time scale are hardly involved. We find the dependence of the induced current on F 1 and F 2 is generally nonlinear, except for the very weak field regime. The current temperature (T) dependence is shown in Fig. 4 which evidences that I and hence M vary smoothly with T and persist at T as high as 50 K.
An experimental realization is achievable with current technology: The crossed, time-delayed strongly asymmetric pulses were recently utilized [17] for creating quartercycle circularly polarized pulses [29] . Also trains of pulses are feasible [18] . The use of a picosecond pulse train instead of a single pulse in Fig. 1 generates an averaged magnetization sustainable for the train duration. The values of induced magnetization are detectable by present magnetic imaging techniques [30 -32] , or by tracing the temporal change in the absorption properties (cf. [33] ). Another possibility is to monitor the light emitted by the induced density oscillations [34] .
The induced current can be utilized for several purposes. For example, short-time transport properties of ring structures can be monitored (via measuring the magnetization) without contacting the ring to diffusive electrodes. Hence, several problems encountered in conventional transport measurements can be avoided such as phase decoherence and the nonconservation of the number of particles when the ring is attached to diffusive leads. In addition, one may study the transition from the linear to the nonlinear response regime (in F 1 and/or F 2 ) by varying the pulse's strength. A further distinctive feature is that the current circulates in the absence of external fields (see Fig. 3 ). Hence, no complications arise due to an unknown voltage drop within the structure of an applied bias. Figure 3 also indicates that tracing the decay of the induced magnetization offers an insight into the decay behavior in the absence of external fields and offers a possibility to study the influence of various relaxation mechanisms that emerge at different time scales. Such a study is not feasible by using a ramped dc field because the field rise-up and switch-off times are well above the relaxation time. The schemes can also be utilized to generate and control dynamical collective magnetic phases in an artificially structured planar ring array, as shown in Fig. 5 . Mesoscopic ring arrays (however interconnected) were realized experimentally in Ref. [35] . Irradiating an array of identical noninteracting rings creates a collective (nonequilibrium) ferromagnetic state. This state can be sustained or destroyed or the magnetization can be reversed depending on the pulse's duration, strengths, and polarities. As demonstrated in Fig. 5 . Applying a pulse train to the array, a magnetization can be achieved that is sustainable on the time scale of the train duration. The latter is controllable experimentally.
In summary, we presented the first theoretical evidence and numerical results indicating that in ballistic ring structures (postpulse) current and magnetization are generated on a picosecond time scale by applying two linearly polarized unipolar pulses. The current temporal behavior and its magnitude and direction are controlled by the pulse's strengths and delay time. The current lasts as long as the coherence is preserved and up to temperatures of 50 K. We discussed various applications of this scheme and showed that the currents are detectable with today's technology. 
